An inaccurate evaluation of exposure is considered a possible cause for the inadequate conclusiveness of epidemiological research on adverse effects of extremely low frequency-magnetic fields (ELF-MF). The objective of this study is to provide an evaluation of current ELF-MF exposure in workers, the specific contribution of occupational exposure to overall 24-h exposure, and the representativeness of a job exposure matrix (JEM). ELF-MF exposure was monitored in 543 workers for 2 days using personal meters. Time-weighted average (TWA) levels at work, at home and outside the home were calculated. A JEM based on the 1988 International Standard Classification of Occupations (ISCO 88) was created. Median exposure at work, at home and outside the home were 0.14, 0.03 and 0.05 mT, respectively. Occupational exposure accounted for about 60% of 24-h exposure. In the JEM, about 50% of the classified occupations included significantly different individual TWAs. Occupational exposure to ELF-MF appeared low. Median exposure levels at home and outside were 20-28% of the occupational level, giving a minor contribution to overall day-to-day exposure. The frequent occurrence of workers with different TWA included under the same job title highlights the risk of misclassification in epidemiological studies on ELF-MF effects based on JEM.
Introduction
Exposure evaluation is a recognized problem in epidemiological studies on the possible adverse effects of occupational exposure to extremely low frequency-magnetic fields (ELF-MFs) (WHO, 2007) . In early studies, unrefined methods, for example, simply categorized occupational titles such as ''electrical occupations'' were used, whereas in later studies workplace measurements or individual job history descriptions were applied. More recently, job exposure matrices (JEMs) were developed. In JEMs, tasks performed by workers are classified in a definite set of job titles according to a specific classification of occupations. The underlying problem here is correct classification: as workers engaged in different work tasks in different plants are grouped together in a lower number of classified jobs, an adequate similarity of exposure among workers included under the same job title is essential, as, if differences exist, this could lead to misclassification of exposure and misleading conclusions (Kheifets et al., 1999; Erren, 2001) . Different occupation classifications has been applied for JEM development in epidemiological studies, however one of the most commonly used is the International Standard Classification of Occupations 88 (ISCO 88) (International Labour Office, 1991) . International Standard Classification of Occupations, ISCO-88 is available at http://www.ilo.org/public/english/ bureau/stat/isco/isco88/index.htm for which the International Labour Office (ILO) is responsible (http://www. ilo.org/public/english/bureau/stat/isco/index.htm).
However, it is important to remember that occupation classifications are usually developed for reasons other than evaluating exposure to hazardous risk factors. For instance, the ISCO 88 ''belongs to the international family of economic and social classifications'', and the variable to which it is applied is ''main tasks and duties'' of work performed, and not other aspects of work, such as exposure to hazardous substances (International Labour Office, 1991) .
In the specific case of ELF-MF, other problems should be considered. Exposure is primarily related to the production and distribution of electricity, and to power appliances and, therefore, unlike the case of, for instance, most toxic industrial chemicals, exposure is virtually ubiquitous, potentially concerning the entirety of the workers. Moreover, due to ubiquity, ELF-MF exposure occurs not only at work, but also during non-working hours, both at home and outside. Accordingly, epidemiological studies on possible effects of ELF-MF should take into account the overall exposure both at work and elsewhere (McCurdy et al., 2001; Forsse´n et al., 2004; Feychting et al., 2005) .
An inadequate consideration of these aspects, especially in early epidemiological studies, is considered to be one of the main causes for the inadequate conclusiveness of research on the adverse effects of chronic exposure to ELF-MF (WHO, 2007) .
In this study, we measured individual exposure to extremely low frequency-magnetic fields for 2 whole days, using personal dosimeters, in a large group of workers engaged in several different occupations.
The employer classification of jobs performed by the workers was initially considered, however, the occupations were subsequently re-classified according to the ISCO 88 classification of occupations. Next, job-related exposures considering both classifications were calculated and compared, to examine the existence of an adequate similarity of exposure among workers included under the same job title.
Personal exposure was also measured during non-working hours, both at home and outside the home, and the levels found were compared with occupational exposure. Next, the relative contribution of occupational and environmental exposures to overall 24-h exposure was estimated.
The main objectives of this study were to evaluate the individual ELF-MF exposure in a large group of workers, the specific contribution of occupational and environmental exposure to overall 24-h exposure, and the representativeness of exposure evaluation obtained using a JEM.
Materials and methods

Study Population
The study involved the ceramics, mechanical engineering, textiles, graphics, retail, food, wood and biomedical industries, which currently represent the main areas of occupation in our territory. A number of companies belonging to the selected sectors in the provinces of Modena and Reggio Emilia were contacted: almost all agreed to participate in the study.
With the aim of covering a broad range of working activities, the main work tasks of interest for the study were identified during a brief walkthrough survey in each plant involved. As an official list of the tasks, and of the number of involved workers, was unavailable, the most representative tasks were arbitrarily selected with the help of two experienced industrial hygienists. One hundred and twenty three different tasks (companydefined tasks) were considered. The names applied by the company to describe the tasks were collected.
The company-defined work tasks were then recoded according to the ISCO 88 classification (International Labour Office, 1991) ; 31 ISCO 88 occupations (ISCO 88 tasks) were thus obtained.
The study was conducted in accordance with all national regulations and with principles of the Declaration of Helsinki.
All workers involved in the selected tasks in the participating companies were contacted. Complete information regarding the study was given, and workers were informed that participation was voluntary, and that they were free to withdraw from the study at any time. Written informed consent was collected. Nobody refused to participate or withdrew during the study. At the end of the research, all participants received a written report with the results of occupational and non-occupational exposure levels; a discussion on the data was held, when requested.
A total of 543 workers (383 men and 160 women), aged 17-62 years (mean value 38 years), were monitored. The selection was not based on a formal randomization scheme, rather voluntary workers were selected in collaboration with the companies to cover all jobs included in the study.
The engineering, ceramics and food industries were the industrial sectors with the largest number of different work tasks, and included the largest number of workers involved in the study (34%, 15% and 13% of the whole sample, respectively). The remaining 38% was constituted by the printing (9%), biomedical (8%), wood (7%), retail (11%), textiles (3%), and other (less than 0.5%) sectors.
Exposure Assessment
In all workers ELF-MF exposure was measured using personal magnetic field meters (EMDEX Lite, Enertech Consultants, Campbell, CA, USA). This meter has been specifically designed to assess and monitor exposure to power frequency (50/60 Hz and their harmonics) magnetic fields, and is able to measure the broadband magnetic flux density B in the frequency range 40-1000 Hz. The dynamic range is 0.01-70 microTesla (mT) with a resolution of 0.01 mT; typical accuracy is ±3%. All meters used for the study were new or were recalibrated by the manufacturer just before the study. The meters were programmed to record the B field at any 10-s time step.
Before monitoring, each participant was given the personal meter and briefed on how to use it correctly and instructed to make a short note in a diary of the periods of the day spent at work, at home, or elsewhere, while wearing the instrument.
All participants wore the meter in a waist-height pouch. The workers were also asked to wear the EMDEX during non-working hours (both at home and outside) to evaluate the environmental, non-occupational, exposure. During sleeping hours the meter was placed on a bedside table or close to the bed, taking care to keep it away from electrical devices such as clock radios.
At the end of the monitoring period, workers returned the meter, and the stored data were transferred to a computer using the EMCalc software (Enertech Consultants). A preliminary overall inspection of individual results was immediately carried out, and the workers were asked about the representiveness of the activities performed during the monitoring period compared with their usual activities; any unexpected results of the preliminary inspection was discussed with the worker and clarified.
The complete work-shift was monitored for 2 full days to take into account the within-day and between-days variability of exposure. To test the repeatability of the measured ELF-MF levels, in 53 workers (about 10% of the whole sample) the monitoring was repeated after 6-9 months using the same procedure, and the results were compared.
Exposure levels were estimated as time-weighted average (TWA) values expressed in mT. Separate TWA levels were calculated for periods at work, at home, and elsewhere (usually traveling to and from work, leisure activities, etc.), based on data reported in the diary: work TWA, home TWA and environmental TWA, respectively.
Data Analysis
For each worker the occupational exposure was calculated as the mean of all measurements throughout the work-shift; both arithmetic and geometric means were calculated (work TWA am and work TWA gm , respectively).
Individual home TWA and environmental TWA were also estimated based on diary data; again, both the arithmetic and the geometric TWAs were calculated. We then calculated the task-related TWAs. The arithmetic mean, median and 51-951 percentiles of the individual work TWA am and work TWA gm of all workers engaged in a specific task were calculated. Both company-defined work tasks and the ISCO 88 classification of jobs were used (company defined task-related TWA and ISCO 88 task related TWA, respectively).
The distribution of the MF values measured in each worker both at work (about 5600) and not at work (about 11,500) was not normally distributed at KolgomorovSmirnov test, as wasn't the distribution of TWAs (both TWA am and TWA gm in the whole examined group (543 workers).
Then for the whole sample, the correlation between the individual work TWA am and work TWA gm was evaluated using Spearman's correlation coefficient. The same test was applied to evaluate the correlation between work TWAs and home TWA, and environmental TWA.
To evaluate the variability of individual work TWA among subjects included in the same ISCO 88 task we applied the ANOVA, as the distribution of individual TWA am of the workers included in each ISCO groups resulted normal at Kolgomorov-Smirnov test. This was probably due to the major homogeneity of the subpopulation from the point of view of exposure. ISCO 88 tasks including less than eight workers were considered not informative enough, and were therefore excluded; accordingly, the results presented are based on 24 tasks out of the 31.
Finally, Spearman's correlation coefficients were calculated between individual work, home and environmental TWAs measured during the first monitoring session and during the second, 6-9 months later, to evaluate the repeatability of exposure data measurements.
All data were processed using the statistical package SPSS for Windows (SPSS, USA).
Results
A total of 543 workers out of the 553 monitored were included in the analysis; exclusions were due to occasional meter malfunctioning.
For the whole sample, the median of TWAs am during work (work TWA am ) was 0.14 mT, and the 51-951 percentiles were 0.04-2.50 mT, respectively; the median of TWAs gm was 0.08 mT (51-951 percentiles 0.02-0.57 mT). Spearman's correlation coefficients between individual TWA am and TWA gm was r ¼ 0.85 (Po0.001). Due to the high correlation found, in the rest of the paper we have decided to focus discussion mainly on the results as TWA am, as this is the parameter most currently applied in epidemiological studies.
The correlation between individual work TWA am measured during the first monitoring and in the replication performed in 53 workers some months later was r ¼ 0.80 (Po0.001), showing a good repeatability.
The mean, SD, median and 51-951 percentiles of occupational TWA am and TWA gm of the workers included in each of the 123 company defined task-related TWAs are presented in Table 1 . Considering the mean TWA am , 73% of considered tasks were below 0.4 mT, and about 95% were below 2.5 mT. Table 1 also contains the jobs classified according to the ISCO 88 code (ISCO 88 task-related TWAs). Using this classification, the proportion of occupations with TWA am below 0.4 and 2.5 mT were 65% and 94%, respectively.
From Table 1 it can be observed that, using the ISCO 88 classification, different company-defined tasks, often from different industrial sectors, are grouped under the same code. For example, 11 different work tasks from seven industrial sectors were included under ISCO code 723 (machinery mechanics and fitters). The mean ISCO 88 task-related TWA was 0.78 mT, whereas the mean company defined task- Extremely low frequency magnetic fields exposure Gobba et al. Table 2 : variance is significant, showing a difference in individual work-related exposure among workers included under the same ISCO Code, in half of the tasks considered (12 out of 24).
The results of non-occupational ELF-MF exposure are presented in Table 3 . The exposure levels at home (home TWA) were evaluated in 513 subjects; 42 subjects were excluded because of insufficient/inadequate recording of data in the diary. Median home TWA am (0.03 mT) was less than 20% of work TWA am ; considering the TWA gm the median was 0.02 mT, and the 51-951 percentiles 0.01-0.15 mT, respectively.
Considering the environmental exposure outside the home evaluated in the same 513 subjects, from the practical point of view both the median values, and also the distribution of The significance of differences was evaluated using Fisher's F distribution.
Extremely low frequency magnetic fields exposure Gobba et al.
values (5th-95th percentiles), were substantially similar to the home TWA (Table 3) .
The correlation between the arithmetic and geometric TWA were 0.86 (Po0.001) and 0.84 (Po0.001) for home and environmental TWA, respectively.
Finally, the contribution of occupational exposure to the overall 24-h exposure was estimated. Accordingly, for each subject the ratio between work TWA am and the 24-h exposure was calculated; the median ratio was found to be 0.59 (51-951 percentiles: 0.23-0.91), showing that, during working days, exposure at work gives the most important contribution (about 60%).
The same ratios were also calculated for home TWA and environmental TWA, and were found to be 0.12 and 0.25, respectively.
Discussion
In this study both occupational and environmental ELF-MF were evaluated for 2 whole days in 543 workers, using personal monitoring devices.
To our knowledge, this is the first study in Italy, and one of the few published, performed on a large group of workers, including both occupational and environmental ELF-MF personal exposure, monitored for a such a long period: the results presented are based on about 5600 measurements collected during work, and 11,550 in non-working hours for each subject, resulting in about 3,000,000 and 6,000,000 measurements, respectively in the whole group.
As a general principle, occupational exposure tends to vary continuously over time, but the within-day component of variance usually constitutes the greatest part of the total variation (van der Woord et al., 1999) . To reduce the effect of within-day variability, monitoring of ELF-MF exposure was performed for the whole working day. To reduce also the effect of the between-days component of variability, monitoring was extended for two complete days. Moreover, a further monitoring session was replicated some months later: the good repeatability, as shown by the high correlation (r ¼ 0.8) between the work TWA am in the first and in the second monitoring sessions, shows that the measured individual work TWA can be considered representative of occupational ELF-MF exposure in the examined workers.
For the group as a whole, median occupational TWA am was 0.14 mT: this level is consistent with the values observed by Floderus et al. (1996) in 1098 male Swedish workers, and by Forsse´n et al. (2004) in 471 women in Stockholm County.
The median occupational TWA gm in our group (0.08 mT) was lower than TWA am , showing a non-normal distribution of the values measured during the monitored period, as it is usual in occupational exposure. Nevertheless, TWA am and TWA gm are highly correlated: in the group as a whole, the r coefficient of individual TWA was 0.85, and also considering the task-related TWAs (classified as both, company and ISCO 88 classification), the correlation was higher than 0.8 in the vast majority of cases (data not shown). These observations are in agreement with the results recently reported by Cooper et al. (2009) , and suggest that the use of TWA am or TWA gm can lead to different absolute values, but it is not likely to induce large misclassifications in the exposure assessment.
In 75% of the workers the TWA am was lower than 0.28 mT; again this is in substantial agreement with data reported by Floderus et al. (1996) and Forsse´n et al. (2004) , who observed a 751 percentile of 0.27 and 0.25 mT, respectively.
In 79% of subjects, occupational exposure (work TWA am ) was below 0.4 mT, that is, the levels often applied to define ''high exposed groups '' (WHO, 2007) . Considering that the workers studied were engaged in the main occupational activities in our region, and the agreement with data obtained in other Countries (Floderus et al., 1996; Forsse´n et al., 2004; Bowman et al., 2007; WHO, 2007) , these results suggest that, usually, the occupational exposure to ELF-MF is low, a few orders of magnitude lower than the levels associated with acute adverse effects (ICNIRP, 1998) , and, in most workers, also lower than the levels possibly related to suspected long-term adverse effects, such as childhood leukemia, in some epidemiological studies (Ahlbom et al., 2000) .
In this study possible variations of exposure levels by age or gender were not evaluated, as the distribution of workers included in most tasks was unbalanced; for example all examined textile operators (seamstresses, fabric cutter and pressers) were women, whereas all meat workers and mechanical engineers and technicians were men. Nevertheless, although in some tasks at relatively higher ELF-MF exposure most/all workers are women (e.g. seamstresses), or men (e.g. maintenance electricians), and the same is true for lower exposures tasks (e.g. security guard), but on our experience, within same work task there are no reasons to suppose significant differences between gender in ELF-MF exposure. Values are presented as TWA am , expressed in mT.
Considering non-occupational exposure, the median home TWA am was 0.03 mT. In 95% of subjects exposure was lower than 0.2 mT, and the fraction of subjects with exposure lower than 0.3 and 0.4 mT was 96% and 97%, respectively. These values are consistent with data reported in other studies (WHO, 2007) ; for example, in Zaffanella and Kalton (1998) the percentage of subjects with exposure lower than 0.3 mT was 95%, whereas more recently, in Japan, a percentage of 98% was observed (Kabuto et al., 2006) . Our results confirm that in Italy, as in other industrialized countries, residential exposure is low, and the fraction of subjects exposed to TWA levels exceeding the values associated with an increase in the risk of long-term effects (Ahlbom et al., 2000; Greenland et al., 2000) is small.
The median non-residential exposure level (environmental TWA am ) was 0.05 mT (51 and 951 percentiles; 0.02 and 0.28 mT, respectively). To our knowledge, this is one of the few studies that has attempted to separately evaluate and compare residential and non-residential environmental exposure using personal monitoring: data obtained suggest that non-residential exposure, although characterized by heterogeneous conditions, is similar to home exposure. As expected, individual environmental and residential TWAs were not correlated (r ¼ 0.03).
The specific weight of occupational exposure on the overall 24-h exposure was also calculated. Results showed that, at least during working days, exposure at work makes the highest contribution: the work TWA, lasting 8 h, the 30% of the whole day, is responsible for about the 60% of overall 24 h exposure, whereas home and environmental TWAs (i.e. the exposure during the remaining 60% of total time) cause less than the 40% (ratio 24 h exposure and home TWA and environmental TWA: 0.25 and 0.12, respectively).
As far as the evaluation of task-related exposure is concerned, the problem of the classification of work tasks clearly transpires.
Using the company-defined tasks, 123 different TWAs am were calculated (Table 1) , covering a wide range of values (0.03-9.44 mT), the variability among individual TWA of workers included in each task is relatively low (data not reported), however, comparison with other studies is difficult.
Considering the ISCO 88 classification, there were 31 taskrelated TWAs, and the values ranged from 0.04 to 2.64 mT, which is similar, for instance, to the results reported by Zaffanella and Kalton (1998) in another large study (range 0.09-2.74 mT). Nevertheless, the problem here is that, although in some cases the variability of individual work TWA am is low, such as for ISCO code 8279 (brewers and wine and other beverages machines operators), mean TWA 0.13 mT, 51-951 percentiles 0.09-0.15 mT, for other ISCO codes a high variability was present. This is the case, for instance, for ISCO code 521 (shop salesperson and demonstrators): TWA 1.44 mT, 51-951 percentiles 0.08-7.13 mT or, as previously cited, for ISCO 723, machinery mechanics and fitters and for ISCO 7241, electrical mechanics and fitters. This problem is not unexpected, and was also observed in other studies (van der Woord et al., 1999) . Furthermore, is not limited to the ISCO 88 classification, rather it is also common to other frequently applied classifications, such as the Standard Occupational Classification system (SOC), (U.S. Department of Commerce, 1980) the U.S. Bureau of the Census (BOC) (U.S. Bureau of the Census, 1982) or the Nordic ISCO system (Floderus et al., 1996) , and it is likely related to the fact that task classifications were not specifically conceived for application to hazardous exposures evaluation in occupational medicine. To overcome this problem, methods other than JEM, for example, the task exposure matrix), were proposed for worker classification (Benke et al., 2000) .
Another difficulty in comparing our results is that in other studies different exposure evaluation methods, and different occupation classifications, such as the SOC, BOC or Nordic ISCO system, were applied (Floderus et al., 1996; Forsse´n et al., 2004; Bowman et al., 2007) .
Bearing in mind these limitations, a good overall agreement of our results with the values of other comparable studies was observed (Floderus et al., 1996; Kelsh et al., 2000; Forsse´n et al., 2004; Bowman et al., 2007; Mee et al., 2009) .
Nevertheless, in some specific groups of workers we observed unexpected high exposures (Table 1) . These cases were investigated in greater depth. For example, in one large store, in three Hi-fi department salespersons we measured an unexpectedly high TWA am of 9.44 mT, that is at least one order of magnitude higher than other salespersons. This high exposure was explained with the fact that the workers had to show the customers the electronic devices and consequently spent the whole day very close to different switched on electronic appliances (radios, TVs, ovens, and so on), or in the vicinity of hundreds of different electronic devices all of which constantly switched on. These observations highlight that, even if the use of task exposure matrices can reduce the variability for epidemiological studies on ELF-MF, misclassifications can also occur. Furthermore, the use of tasks involves difficulties in the comparison among studies.
As a conclusion, current ELF-MF work-related exposure in workers engaged in the main occupational activities in our area were found to be low, and relatively higher levels were observed in a small fraction of subjects only: work TWA am exceeding 0.4 mT were found in less than 20% of the whole sample and, considering the median value, in four out of 31 ISCO 88 task-related TWAs (13%).
Individual exposure at home was lower than the occupational exposure (the median home TWA am is about the 20%) and, in the vast majority of subjects (97.2%) lower than the threshold suggested for suspected long-term effects. The median exposure during periods spent outside the home (environmental TWA) was similar.
In the group as a whole, exposure during occupational activities makes the largest contribution to overall 24-h exposure: about 60% compared with less than 40% for home and outside exposure combined. Occupational and environmental exposure (at home and outside the home) are not related.
These observations show that ELF-MF exposure during work must be evaluated in all studies including working subjects. Furthermore, in future epidemiological studies on ELF effects, higher exposed groups should be sought among specific groups of workers.
TWA am is the parameter most frequently reported in the majority of epidemiological studies, nevertheless TWA gm was highly correlated, although the absolute exposure values are lower. Accordingly, the use of one parameter or the other should not be really relevant in inducing misclassification in epidemiological studies.
One last conclusion transpiring from this study is related to the use of JEMs for epidemiological research. In actual fact, by using the ISCO 88, that is one of the most common classifications, the same code frequently groups together workers with significantly different individual work-related TWA, and there are no reasons to suppose that the problem can be avoided using other currently applied classifications, as most of them were developed for reasons other than the evaluation of exposure to hazardous risk factors. This problem, which is likely to lead to misclassifications, should be adequately considered in future epidemiological studies.
